Abstract -Techniques developed for quantum-information processing using trapped ions may be useful in future atomic clocks. Here, we summarize experiments at NIST that (1) use quantum gates to entangle ions and thereby improve the measurement signal-to-noise ratio in spectroscopy and (2) implement sympathetic cooling and quantum state transfer techniques, which might be used to increase the number of choices of ions used for clocks.
I. INTRODUCTION
Research on quantum information processing has been stimulated largely by the interest in developing quantum cryptographic systems and quantum computers. The goal of quantum computing is extremely daunting, and it is generally agreed that the realization of a useful quantum computer is decades away at best. In the meantime, it appears that the basic ideas behind quantum computing can be applied to lessambitious goals. At NIST, we are investigating the use of quantum information processing in two trapped-ion clock applications. In the first, quantum-mechanical entanglement can provide a resource for increased measurement precision in spectroscopy.
Given high-fidelity quantum logic operations, the time required to reach a certain measurement precision could be reduced by a factor equal to the number of ions that are entangled, when compared to the case of unentangled atoms. In the second application, we indicate how a "logic" ion, which is simultaneously trapped with a "clock" ion, can be used to provide the functions of cooling and state measurement. This may increase the number of choices of possible clock ions. We summarize progress and plans in these two areas, emphasizing future optical clocks.
II. ENTANGLEMENT-ENHANCED SPECTROSCOPY
A collection of (neutral or charged) atoms whose internal states are entangled in a specific way can improve the quantum-limited signal-to-noise ratio in spectroscopy. In principle, the time required to reach a certain measurement precision could be reduced by a factor equal to the number N of atoms entangled, as compared to the case of N unentangled atoms. This would clearly be an advantage for large N, as in neutral-atom clocks. It would still be a significant practical advantage in atomic-ion frequency standards where, to maintain high-accuracy, a relatively small number (N ≅ 10 -100) of trapped ions may be optimum due to various experimental constraints, as in the 199 
Hg
+ microwave clock experiment at NIST [1] .
In spectroscopic experiments on N two-level atoms, we can view the problem in the following way using the spin-1/2 analog for two-level atoms. (Equivalently, we can think of performing nuclear magnetic resonance spectroscopy on an ensemble of N protons.) The total angular momentum of the system is given by the "Bloch vector" J = Σ i S i , where S i is the spin of the ith atom (S i = ½). By choosing the quantization axis along the z direction, eigenstates of the ions are written ↓〉 i and ↑〉 i with S zi ↓〉 i = -½↓〉 i and S zi ↑〉 i = +½↑〉 i , where S zi = ½σ zi and σ zi is the usual Pauli matrix for the ith ion. The goal is to measure ω 0 , the resonant frequency of transitions between the ↓〉 and ↑〉 states, relative to the frequency ω R of a reference oscillator.
We first prepare an initial state for the spins. For concreteness, we assume spectroscopy is performed by applying (classical) fields of frequency ω R according to the method of separated fields by Ramsey [2] . We also assume that the maximum value of T R , the time between Ramsey pulses, is limited by practical experimental constraints such as the desire to lock the local oscillator to the atoms within a reasonable duration of time. After applying these fields, we measure the final state populations; for example, the number N ↓ of atoms in the ↓〉 state. This can be accomplished with nearly 100 % efficiency through detection of laser fluorescence using Dehmelt's "electron-shelving" technique [3] . The signal-to-noise ratio (for repeated measurements at a particular value of ω R ) is fundamentally limited by the quantum measurement fluctuations or "projection noise" [4] in the number of atoms observed to be in the ↓〉 state. These number fluctuations are equivalent to the fluctuations in repeated measurements of J ⊥ , the angular momentum in a particular direction perpendicular to J [4] [5] [6] . Because of this, the determination of signal-to-noise ratio in spectroscopy is equivalent to the determination of the orientation of J about a particular axis. If we can reduce the fluctuations of J ⊥ along a particular direction by entangling the atoms, then we can increase the angular resolution in that direction and therefore improve signal-to-noise ratio in spectroscopy. This is indicated schematically in Fig. 1 .
Spectroscopy is typically performed on atoms initially prepared in the (unentangled) "coherent" spin state [7] state ψ = ↓〉 1 ↓〉 2 ·· ↓〉 N ) = |J = N/2, m J = -N/2〉 (all atoms initialized in their ground states). For this case, the imprecision in a determination of the frequency of the transition is limited by projection noise to the "standard quantum limit" for the Allen
½ where τ represents the total averaging time. This limit has been observed in spectroscopy of ions [4] and in cesium-fountain atomic clocks [8] . If the 
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The challenge is how to actually generate the states useful for spectroscopy. One possibility is to entangle a phonon or electromagnetic field with the atoms. For example, coupling atoms to coherent or squeezed harmonic oscillator states can lead to "spin-squeezed" states. [5, [9] [10] [11] . Collision interactions in a cold gas sample may eventually produce much larger squeezing [12] .
Squeezed light has been observed to impart spin squeezing to a collection of (S i = 5) cesium atoms [13] . Squeezing of an (S i = 4) atomic sample through a quantumnondemolition measurement of transmitted light has also been observed [14] . Squeezing in these experiments was not applied to measurement however. The trapped-ion quantum computation scheme of Cirac and Zoller [15] provides a way to generate any desired entangled state for ions; however, Sørensen and Mølmer have recently devised an efficient onestep method to create spin-squeezed states [16] . Spin squeezing of 9 
Be
+ ions was recently demonstrated [6] using this scheme.
The above example assumes that the (equivalent) angular momentum J is the experimental observable. If we consider ½ in the x-y plane at the end of the angular momentum vector. When the net spin J is squeezed, the uncertainty in one direction is reduced below the value for a coherent spin state. In the figure, the spin is squeezed in the y direction so that the angular resolution of 〈J〉 about the x axis is increased. other observables, it is possible to reach the Heisenberg limit of uncertainty in spectroscopy.
Bollinger et al. [17] investigated theoretically the use of states having the form (after the first Ramsey pulse)
For this state, the total angular momentum vanishes along any axis, thereby precluding the measurement of J for determining ω 0 -ω R . However, if after application of the second Ramsey pulse, we measure the parity operator P ≡ Π i σ zi , the resulting signal gives the exact Heisenberg limit for spectroscopy [17] . Therefore in principle, we could have
and the time required to reach a certain measurement precision would be reduced by N. Applying the method of Sørensen and Mølmer [16] , an approximation to the state in Eq. (1) was generated for two and four 9 Be + ions [18] and used in a spectroscopic experiment on two ions [6] . As another possible observable, we could choose to measure the variance operator [6] .
III. QUANTUM LOGIC FOR SPECTROSCOPY
An apparent limitation to modern high-accuracy atomic clocks is that they incorporate the functions of laser cooling, laser-fluorescence detection, and a good clock transition in the same atomic species. Some atoms have good clock transitions, but their laser cooling and detection transititions are impractical. Therefore, if we could provide the functions of cooling and detection some other way, more choices from the periodic table for potential clock atoms would become available. In the case of atomic ion clocks, we might be able to accomplish this in the following way.
In its simplest form, the idea is to simultaneously trap a "logic" ion and a "clock" ion. The logic ion would provide the functions of laser cooling and detection [19] . The logic ion is used to laser-cool all (harmonic) motional modes of both ions to their ground states. We assume that the clock ion is optically pumped to its initial state. After the clock radiation is applied, the clock ion is in general in a superposition state of the form α↓〉 C + β↑〉 C , where the subscript C denotes the clock ion. With the use of coherent "mapping" pulses (optical sideband transitions), this state is first transferred onto a selected motional mode and subsequently onto the logic ion's internal state. Overall then, we carry out the mapping α↓〉 C + β↑〉 C → α↓〉 L + β↑〉 L where the subscript L denotes the logic ion. Finally we measure the logic ion, finding it to be either in the ↓〉 L state with probability |α| 2 or in the ↑〉 L state with probability |β| 2 〈J〉 x y z (|α| 2 + |β| 2 = 1). Each of these steps is a basic quantum logic operation and has been separately demonstrated in several experiments [20] . Although this technique requires several steps, they can all be accomplished reliably and on a time scale of order 1 ms. Therefore, the overhead in time will be negligible for precision clock experiments.
The group IIIA ions such as Tl + and In + have received considerable attention because, as Dehmelt pointed out [21] , the 1 S 0 → 3 P 0 transitions are free from static electric quadrupole shifts. These ions also have 1 S 0 → 3 P 1 transitions at accessible wavelengths that can be used for cooling and detection, as has been demonstrated with In + where the 1 S 0 → 3 P 1 transition (λ ≅ 231 nm) has a linewidth of approximately 360 kHz [22, 23] . If we transfer these functions to the logic ion, B + , Al + and other ions that are difficult to laser cool might also be considered as clocks [19] . (The 1 S 0 → 3 P 1 transition linewidths in B + and Al + are approximately 1.2 Hz and 320 Hz; which would therefore yield relatively weak cooling and poor detection sensitivities.) The logic ion might be 9 Be + or Mg + , but many other possibilities exist. Since the logic ion is assumed to be a different species, it is likely that laser cooling could be applied during application of the clock radiation without significantly affecting the clock levels. This would be important for very long clock interrogation times. IV. 27 Al + OPTICAL CLOCK
As an example, we consider 27 Al + as the clock ion. 27 Al is the only stable isotope of aluminum and has nuclear spin I = 5/2. We show some of its relevant energy levels in Fig. 2 + including a linear magnetic field dependence because of the difference in nuclear g-factors in the ground and excited states [21] . The corresponding Zeeman shift can be accounted for by measuring two ∆m I = 0 transitions with equal and opposite values of m I [22] . Optical pumping to the 1 S 0 (m I = ±I) states can be accomplished by driving the 1 S 0 → 3 P 1 (F = 7/2, m F = ±7/2) transition (τ( 3 P 1 ) = 305 µs [25] ) with circularly polarized light.
We note that the magnetic-quadrupole-allowed 1 S 0 → 3 P 2 transitions (λ ≅ 266.1 nm, τ ≅ 270 s) could be driven by the fourth harmonic of a Nd-YAG laser. The 3 P 2 hyperfine constant has been calculated to be 1125 MHz [26] so that several first-order field-independent transitions occur at magnetic fields around 100 G. Unfortunately, at the magnetic fields where these conditions hold, all 3 P 2 states would have components with angular momentum F > 1/2, resulting in a static quadrupole shift as with many D-state levels. This would necessitate averaging the clock frequency for three equal-magnitude mutually-orthogonal B-field directions [27] .
V. PROJECT STATUS AND FUTURE DIRECTIONS
With the use of entanglement, the experiment in [6] was able to demonstrate a frequency precision better than could possibly be obtained without the use of entanglement on the same number of ions. However, to be of practical use, the fidelity of entangling operations and number of ions must be increased significantly. Therefore, as part of an effort to demonstrate a scalable quantum computer, work is currently underway at NIST to improve the fidelity of quantum gates, of which some are applicable to generation of the states shown in Eq. (1) above [28] . These techniques, some of which do not require addressing of individual ions, might also be extended to large numbers of ions, as in the 9 Be + Penning trap experiments [29] .
Work is also underway to carry out ground state cooling of a 27 Al + ion with a simultaneously stored 9 Be + ion. We believe this should be reasonably straightforward because in a recent experiment [30] , ground-state cooling of a single 24 Mg + ion has been achieved through sympathetic cooling of a simultaneously stored 9 Be + ion. Moreover, the technique for temperature measurements in [30] showed the feasibility of the mapping steps required to carry out the scheme described above. Therefore, we are currently developing a laser system to drive the relevant transitions for realizing an optical clock based on the 1 S 0 → 3 P 0 transition in 27 Al + . Initial experiments will first attempt to carry out the measurement protocol on the 1 S 0 → 3 P 1 transition. 27 Al + (I = 5/2) [9] or perhaps nuclear transitions as suggested in [31] .
